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ABSTRACT
Solar acoustic signals constructed with the technique of acoustic imaging contain both intensity and
phase information. The phase of constructed signals can be studied by computing the cross-correlation
function between time series constructed with ingoing and outgoing waves. The envelope peak of the
cross-correlation function provides information about wave travel time, associated with the group veloc-
ity along the wave path. The phase time of the cross-correlation function provides information about
phase changes along the wave path, including the phase change at boundaries of the mode cavity and
boundaries of Ñux tubes. We study the active region NOAA 7978 using the data taken with the Michel-
son Doppler Imager (MDI) instrument. We construct two-dimensional phase-shift maps and envelope-
shift maps of the active region at the surface by determining the phase time and envelope time of the
cross-correlation function at each point. Both phase time and envelope time in magnetic regions are
smaller than those in the quiet Sun. The phase shift and envelope shift at each point are computed by
subtracting the average values in the quiet Sun. The envelope shift is greater than the phase shift by
about 2.5 minutes inside sunspots. Both the envelope shift and the phase shift in sunspots increase
approximately linearly with frequency. The di†erence between the envelope shift and phase shift is the
same at di†erent frequencies. There is evidence for an additional phase shift in sunspots relative to
plages. We discuss inferences about the structure of sunspots from these phenomena.
Subject headings : Sun: magnetic Ðelds È Sun: oscillations È sunspots
1. INTRODUCTION
Recently, a new technique, acoustic imaging (or seismic
holography), was developed to study the local structure of
the solar interior (Chang et al. 1997 ; Braun et al. 1998 ;
Chou et al. 1999). In acoustic imaging, signals measured at
the solar surface are coherently added, based on the time-
distance relation, in order to construct the signal at a point
on the solar surface or in the solar interior. The signal at a
target point at a target time can be constructed with the
ordinary time-distance relation or the time-reversed time-
distance relation. The ordinary time-distance relation corre-
sponds to the waves propagating outward from the target
point. The time-reversed time-distance relation corresponds
to the waves propagating inward toward the target point.
The constructed signal contains information on intensity
and phase (Chen et al. 1998). The phase of constructed
signals can be studied by the cross-correlation function
between the time series constructed with ingoing and out-
going waves. The location of the envelope peak (envelope
time) of the cross-correlation function provides information
on the travel time of the wave packet propagating from an
observing area to the target point and then back to the
observing area, as shown in Figure 1. The phase (phase
time) of the cross-correlation function provides information
on phase changes as the wave packet travels along the same
path (Chou & Duvall 2000). The envelope time is a†ected
by the group velocity of a wave packet along the path. The
phase time is the phase change accumulated along the wave
path, including phase changes at boundaries of the mode
cavity and boundaries of sunspots. Previous studies have
shown that the phase time is smaller in magnetic regions
than in the quiet Sun (Chen et al. 1998 ; Chou et al. 1998).
This implies that the phase velocity is faster in magnetic
regions than in the quiet Sun. In this study we measure both
phase time and envelope time in an active region. We Ðnd
that the envelope time is also smaller in magnetic regions
relative to the quiet Sun, but the changes in envelope time
and phase time in magnetic regions relative to the quiet Sun
are rather di†erent. Because phase time and envelope time
contain di†erent information, combining the changes in
envelope time and phase time in a sunspot relative to the
quiet Sun provides useful information on the physical con-
dition and structure of the sunspot.
2. OBSERVATIONS AND DATA ANALYSIS
We use the helioseismic data taken with the Michelson
Doppler Imager (MDI) instrument aboard the Solar and
Heliospheric Observatory (SOHO) satellite to study the
active region NOAA 7978. The MDI experiment generates
Dopplergrams, magnetograms, and continuum images at
di†erent scales. A summary of the MDI project was given
by Scherrer (1995). The MDI data used in this study are
1024 ] 1024 pixel full-disk Doppler images with 1 minute
cadence. We use a 2000 minute time series on 1996 July
8È10. The active region NOAA 7978 emerged on July 6 and
continued to grow until July 9. In the period studied, the
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FIG. 1.ÈSketch of the ray paths of ingoing and outgoing wave packets
formed by modes with the same horizontal phase velocity. T is the target
point. A and B are observing points. The horizontal dashed line is the solar
surface. The ingoing waves observed at A pass T and turn into the out-
going waves observed at B. Signals are averaged over a ring centered at the
target point in the coherent summation.
active region consists of three sunspot areas. The central
one is a large sunspot, which is rather stable during this
period. The east and west sunspot areas consist of several
smaller sunspots. They evolved a little during this period.
Each observed full-disk image is transformed into sin h-/
coordinates, where h and / are the latitude and the longi-
tude, respectively, in a spherical coordinate system aligned
along the solar rotation axis. The pixel size is by*/\ 0¡.12
* sin h \ 0.0021. The solar di†erential rotation at the
surface is removed with an observed surface di†erential
rotation velocity (Libbrecht & Morrow 1991). The data are
Ðltered with a Gaussian Ðlter of FWHM\ 1 mHz centered
at 3, 3.5, 4, 4.5, and 5 mHz. Details of data preparation for
acoustic imaging were discussed in Chou et al. (1999).
We select a target region of 200 ] 200 pixels that includes
the whole active region and some of the quiet Sun for refer-
ence. For each target point, we reconstruct its signal at the
surface with ingoing waves and outgoing waves. The
annular region used to construct signals has inner and outer
radii of and of arc along the solar surface. It is noted1¡.6 6¡.0
that we use the time-distance relation measured with the
data in the same frequency band (Chou & Duvall 2000).
The phase of constructed signals can be studied with the
cross-correlation function between the time series con-
structed by ingoing and outgoing waves, which is computed
by
C(t)\
P
(in(t@)(out(t ] t@) dt@ , (1)
where and are the signals constructed with(in(t) (out(t)ingoing waves and outgoing waves, respectively. Since the
data are Ðltered with a Gaussian Ðlter, C(t) can be Ðtted to a
Gabor wavelet
G(t)\ A cos [2nl(t [ qph)] exp
C
[ (t [ qen)2
2p2
D
, (2)
where is the envelope time and is the phase time,qen qphwhich is determined up to integer multiples of the period,
l~1. The phase time can be determined more accuratelyqphthan the envelope time qen.The envelope time averaged over the quiet Sun is close to
zero, as discussed in a previous study (Chou & Duvall
2000). The phase time averaged over the quiet Sun is twice
the di†erence between phase time and envelope time in
time-distance analysis. We use the average envelope time
and phase time over the quiet Sun as reference values. The
average values are subtracted from the envelope time and
the phase time at each point to obtain the envelope shift
and the phase shift, respectively.
The location of the envelope peak of the cross-correlation
function in the time-distance analysis, deÐned as the
envelope time, is interpreted as the group (energy) travel
time of the wave packet. In the ray approximation, the
group travel time can be computed by the line integral of
the inverse of the local group velocity along the ray path. In
a region where the wavelength is greater than the length
scale of the plasma, the group velocity deÐned based on the
local dispersion relation has no precise meaning. But inter-
preting the envelope time in the time-distance analysis as
the group travel time is still correct even if the waves pass
through such a rapidly varying plasma. The envelope time
deÐned in equation (2) is related to the envelope time inqenthe time-distance analysis (Chou & Duvall 2000). Thus, the
envelope shift measured here is equal to the change in group
travel time even if the waves pass through a region where
the wavelength is greater than the plasma length scale, such
as the boundaries of the mode cavity and sunspots.
3. RESULTS
Two-dimensional phase-shift maps and envelope-shift
maps focusing at the solar surface at various frequencies are
shown in Figure 2. The frequency ranges from 3 mHz (top
row) to 5 mHz (bottom row). The Ðrst column is the
observed acoustic power map. The second column is the
acoustic intensity map constructed with outgoing waves.
The third and fourth columns are the phase-shift map and
the envelope-shift map, respectively. The darker area in the
phase-shift and envelope-shift maps corresponds to a
shorter phase time and envelope time. The gray scale at
di†erent frequencies is the same for each column except in
the envelope-shift map at 5 mHz, where the gray scale is 1.5
times larger because the Ñuctuation is large. The larger Ñuc-
tuation at higher frequencies is caused by the greater error
in the Ðt, especially for the envelope time.
The features in the phase-shift maps are surprisingly
similar to those in the observed acoustic power maps. The
phase-shift maps also correlate well with Ca II K line
images, even for the weak plages in the quiet Sun (Chen et
al. 1998). A plot of phase shift versus observed acoustic
power at 3.5 mHz for a rectangular area of 127 ] 55 pixels,
which covers the active region, is shown in the upper panel
of Figure 3. The acoustic power is normalized by the mean
value in the quiet Sun. The lower panel of Figure 3 shows
the envelope shift versus observed acoustic power at 3.5
mHz for the same area. Both phase shift and envelope shift
anticorrelate linearly with acoustic power ; namely, the
phase shift and envelope shift increase approximately lin-
early as acoustic power decreases. The correlation between
the envelope shift and acoustic power is poorer because of
larger errors in determining the envelope time of the cross-
correlation function. It is of interest to note that at the left
end of the distribution, there is a discontinuity at power
about 0.34 (in units of mean power in the quiet Sun) in both
phase shift and envelope shift in the following two aspects.
First, the distribution is less scattered below 0.34. Second,
the average phase shift and envelope shift at Ðxed acoustic
power have a discontinuous change at about 0.34. The
points with acoustic power less than 0.34 correspond to the
umbra of the central large sunspot. There is a less apparent
discontinuity in the distribution at power about 0.38, which
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FIG. 2.ÈObserved acoustic power maps, constructed outgoing intensity maps, phase-shift maps, and envelope-shift maps focusing at the solar surface at 3
mHz ( Ðrst row), 3.5 mHz (second row), 4 mHz (third row), 4.5 mHz ( fourth row), and 5 mHz ( Ðfth row). Gray scales at di†erent frequencies are the same except
in the envelope-shift map at 5 mHz, where the gray scale is 1.5 times larger.
corresponds to the threshold of smaller sunspots. It indi-
cates that the phase shift and envelope shift have a discon-
tinuous increase inside the sunspots relative to the plages.
In the magnetic regions, the envelope shift is greater than
the phase shift. Both phase shift and envelope shift in a
magnetic region increase with frequency, but the di†erence
between the envelope shift and phase shift remains approx-
imately the same. The phase shift and envelope shift aver-
aged over the umbra of the central large sunspot at di†erent
frequencies are shown in the upper panel of Figure 4. Both
phase shift and envelope shift increase approximately lin-
early with frequency, except the envelope shift at 5 mHz,
where the error in determining the envelope time in the Ðt is
large. If we ignore the data point at 5 mHz, the di†erence
between the envelope shift and phase shift is approximately
constant in frequency, about 2.5 minutes. The phase shift
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FIG. 3.ÈPhase shift (top) and envelope shift (bottom) vs. normalized
observed acoustic power at 3.5 mHz for a rectangular area that covers the
active region. There is a discontinuity in both phase shift and envelope shift
at power about 0.34, which corresponds to the large sunspot near the
center of the active region. There is a less apparent discontinuity at about
0.38, which corresponds to the threshold of the smaller sunspots.
and envelope shift averaged over the plage area with
observed power between 0.6 and 0.7 are shown in the lower
panel of Figure 4. The phase shift also increases approx-
imately linearly with frequency. The envelope shift increases
approximately linearly with frequency until 4 mHz. The
drop of the envelope time at 4.5 and 5 mHz is probably also
caused by the error in determining the envelope time in the
Ðt. If we ignore the data points at 4.5 and 5 mHz, the
di†erence between the envelope shift and phase shift also
remains constant, about 1.0 minute. For comparison, a
study with time-distance analysis, which used the signals
measured inside sunspots, gave envelope shift in the range
of 1.38È3.05 minutes and phase shift in the range of 0.92È
1.14 minutes at about 3.1 mHz for three sunspots (Braun
1997). The above values are obtained by summing the shifts
of the ingoing correlation and outgoing correlation relative
to the quiet Sun in Table 2 in Braun (1997). Their phase
shifts are close to our results. But their envelope shifts are
smaller than our values by about 0.7 minute for two sun-
FIG. 4.ÈEnvelope shift (solid line) and phase shift (dashed line) averaged
over the central large sunspot (top) and the plage area (bottom) vs. fre-
quency. The range of acoustic power for the plage area is 0.6È0.7. The error
bar shown here is not the error associated with the envelope shift and
phase shift (because it is difficult to estimate the error of the constructed
signals) ; instead it is the standard deviation in computing the average.
spots and about 2.3 minutes for the third sunspot. The oscil-
latory signals measured inside sunspots could be modiÐed
by magnetic Ðelds that would contribute to the discrepancy
between two methods. An interesting question is why the
discrepancy in envelope shift is large while the discrepancy
in phase shift is small.
The envelope shift correlates with the phase shift in mag-
netic regions. A plot of envelope shift versus phase shift at
3.5 mHz for sunspots and plages is shown in Figure 5. The
triangles denote the sunspot area with observed acoustic
power less than 0.38 (in units of mean power of the quiet
Sun). It includes the central large sunspot and the smaller
sunspots in the east and west groups. The dots denote the
plage area with observed acoustic power between 0.5 and
0.8. Two solid lines are the linear Ðts to the dots and the
triangles, respectively. Figure 5 shows that the relation
between the phase shift and envelope shift in the sunspots is
not simply an extension of that in the plages. The sunspots
are located at the right-hand side of the plages. The results
at other frequencies also show the same trend. They suggest
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FIG. 5.ÈEnvelope shift vs. phase shift at 3.5 mHz. Triangles denote the
sunspot area where the acoustic power is less than 0.38. The dots denote
the plage area where the acoustic power is between 0.5 and 0.8. Two solid
lines are the linear Ðts to the dots and the triangles, respectively. The
relation in the sunspots is not simply an extension of that in the plages. The
sunspots are located at the right-hand side of the plages. This suggests that
there exists an additional phase shift relative to the envelope shift in the
sunspots.
that there exists an additional phase shift in the sunspots
relative to the plages.
4. DISCUSSION
The phase shift together with the envelope shift in mag-
netic regions provides useful information on the structure
and physical conditions in the magnetic regions. Among
them are the following :
1. The phase shift and envelope shift have a discontin-
uous increase inside the sunspots relative to the plages
(Fig. 3).
2. The envelope shift is greater than the phase shift by
about 2.5 minutes in the central large sunspot. The di†er-
ence becomes smaller in the plages (Fig. 4).
3. Both envelope shift and phase shift increase linearly
with frequency (Fig. 4).
4. The di†erence between the envelope shift and phase
shift is constant in frequency (Fig. 4).
5. There exists an additional phase shift in the sunspots
relative to the plages (Fig. 5).
These results provide constraints on sunspot models.
Envelope shifts and phase shifts provide di†erent infor-
mation. The measured envelope shift in magnetic regions is
caused by the change in the travel time of the wave packet,
which could be due to the change in group velocity along
the wave path or the change in wave path. The measured
phase shift is the shift in phase change accumulated along
the wave path. Besides the change in phase velocity and
wave path, the phase change at the boundaries of the mode
cavity and Ñux tubes may also contribute to the phase shift.
The presence of a magnetic Ðeld modiÐes the physical con-
ditions of the plasma, which results in a change in the travel
time of the wave packet and the phase change accumulated
along the wave path. We will discuss the possible physical
modiÐcations of the plasma due to the presence of a sunspot
and their relation to the measured envelope shifts and phase
shifts.
A Ñow could be generated around a sunspot (Brickhouse
& LaBonte 1988 ; Parker 1992). The e†ect of the Ñow on the
travel time has been discussed in previous studies
(Kosovichev 1996 ; Kosovichev & Duvall 1997). The Ñow
a†ects the phase velocity and group velocity in the same
way, and the e†ect of a Ñow is not dependent on the fre-
quency. Thus, a Ñow is not responsible for the di†erence
between the envelope shift and phase shift or their linear
increase with frequency.
Magnetic Ðelds would modify the dispersion relation of
waves. Incident acoustic waves are converted into fast and
slow magnetoacoustic modes in magnetic regions (Priest
1984). The phase and group velocities of the two modes are
di†erent. The energy ratio of the two modes depends on the
structure of magnetic Ðelds and the incident angle of the
waves. Without knowing the structure of the magnetic
Ðelds, one cannot estimate the e†ect of magnetic Ðelds on
travel time and phase time. However, the fact that the di†er-
ence between the measured envelope shift and phase shift
remains approximately constant in frequency suggests that
the dispersion of waves due to magnetic Ðeld is not impor-
tant. For a one-dimensional problem, the relation between
the phase velocity and the group velocity can bev
p
v
gexpressed as
1
v
g
[ 1
v
p
\ u L
Lu
A 1
v
p
B
. (3)
If the plasma is very dispersive, the group velocity andv
gphase velocity would strongly depend on the frequency,v
pand the di†erence between the envelope shift and phase
shift, which is proportional to the right-hand side of equa-
tion (3), would also strongly depend on the frequency. The
constant di†erence between the envelope shift and phase
shift in frequency indicates that the right-hand side of equa-
tion (3) is small and the plasma is not very dispersive. There-
fore, magnetic Ðelds may increase the phase and group
velocities and contribute to the measured envelope and
phase shifts. But the linear increase in envelope and phase
shifts with frequency and the di†erence between the
envelope and phase shifts are not caused by the dispersion
of waves due to magnetic Ðelds.
It is believed that a sunspot has sharp lateral boundaries
in terms of magnetic Ðeld, temperature, density, and gas
pressure. The phase may have a discontinuous change as
the waves go across the sharp boundaries. On the other
hand, there is no such change for the travel time. Thus, the
phase change at the lateral boundaries of sunspots may
account for part of the di†erence between the measured
envelope and phase shifts. It may also contribute to the
additional phase shift in the sunspots shown in Figure 5.
The strong magnetic Ðelds in a sunspot cause a Wilson
depression and lower the upper boundary of the mode
cavity. A depressed upper boundary shortens the wave path
and therefore shortens the travel time and phase time. This
is consistent with the sign of the measured envelope and
phase shifts. The change in the depth of the upper boundary
would result in a similar envelope shift and phase shift.
Thus, the change in the depth of the upper boundary is not
responsible for the di†erence between the measured
envelope shift and phase shift. If we take 600 km for the
Wilson depression (Gokhale & Zwaan 1972) and 10 km s~1
for the sound speed in the quiet Sun, then the change in
envelope time and phase time is 2 minutes, which is about
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half of the measured envelope shift inside the central large
sunspot. Thus the Wilson depression may account for part
of the measured envelope shift and phase shift. The change
in the depth of the upper boundary may depend on the
frequency. This will result in a frequency dependence for
envelope shifts and phase shifts.
The magnetic Ðeld of a sunspot may also modify the
physical condition at the upper boundary of the mode
cavity. It would result in a change in the phase of reÑected
waves. This phase change may account for part of the di†er-
ence between the measured envelope shift and phase shift. It
may also contribute to the additional phase shift in the
sunspots seen in Figure 5.
The wave path would deviate because of the change of
the dispersion relation in magnetic regions. Because of the
complication of wave splitting into fast and slow modes, it
is difficult to estimate the deviation of the wave path and its
inÑuence on the envelope shift and phase shift.
Finally, we should mention that there will be an addi-
tional change in travel time and phase time if the magnetic
Ðeld of a sunspot is in the form of Ðbrils instead of a mono-
lithic Ñux tube, though it is difficult to quantify it (Bogdan
& Zweibel 1987).
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